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3-(((1R,2R)-2-(Dimethylamino)cyclohexyl)amino)-6-(trifluoromethyl)-4H-benzo[e][1,2,4]thiadiazine
1,1-dioxide (Catalyst E)
The mixture of S2 (318.3 mg, 1.0 mmol) and (R, R)-N 1 ,N 1 -dimethyl-trans-diaminocyclohexane [2] (213.4 mg, 1.5 mmol) was stirred at 150 C for 6 h. The reaction mixture was dissolved in CHCl 3 (20 mL) and was washed with saturated aqueous NH 4 Cl solution (10 mL) and saturated aqueous NaHCO 3 (10 mL). The organic layer dried over anhydrous Na 2 SO 4 . The solvent was evaporated and the resulting crude residue purified by column chromatography on silica gel (NH) eluting with chloroform/methanol (9/1) to afford E (128.6 mg, 33%) as brown amorphous. 
Catalytic asymmetric synthesis of important intermediate 2 (E)-4-(3-Bromo-2-hydroxyphenyl)-N-methoxy-N-methylbut-2-enamide (7)
To the solution of o-bromophenol (9, 9.84 g, 56.9 mmol) and K 2 CO 3 (15.3 g, 111 mmol) in acetone (125 mL) was added allyl bromide (10 g, 82.2 mmol), and the reaction mixture was refluxed at 70 C for 2 h.
The reaction mixture was filtered through a pad of Celite and the filtrate was evaporated under reduced pressure. The resulting mixture was extracted with EtOAc three times, and the combined organic layers were washed with brine, dried over Na 2 SO 4 , and concentrated under reduced pressure to give the crude allyl ether, which was used for the next reaction without further purification.
The crude ether (11.0 g) was dissolved in hexane (130 mL), and Et 2 AlCl (1.0 M in hexane, 53 mL, 53 mmol) was added at room temperature. After being stirred at the same temperature for 3.5 h, the reaction mixture was cooled to 0 °C and quenched by careful addition of 2N HCl (35 mL). The aqueous phase was then separated and extracted with EtOAc three times. The combined organic layers were washed with brine, dried over Na 2 SO 4 , and concentrated under reduced pressure to afford 2-allyl-6-bromophenol (11, 12.7 g), which was directly subject to the next ozonolysis. A crude solution of 11 in MeOH (150 mL) was cooled to -78 °C, and O 3 gas was bubbled through the solution at -78 °C until the starting material had disappeared.
The reaction was quenched with Me 2 S (5.6 mL, 75.7 mmol), slowly warmed to room temperature before the addition of water (60 mL). The resulting mixture was stirred for 1 h and concentrated under reduced S5 pressure. The residue was diluted with EtOAc and washed with water. The organic layer was dried over Na 2 SO 4 and concentrated in vacuo to give the crude aldehyde as a mixture with the corresponding lactol, which seemed to be unstable on silica gel [3] .
Then, the resulting crude (12, 9.66 g) was immediately dissolved in THF (150 mL) and 18 .2 g, 50 mmol) was added at 0C. The reaction mixture was stirred at room temperature for 1.5 hours. After concentration, the residue was directly purified by column chromatography on silica gel (n-hexane/EtOAc = 3/1) to afford 7 as white solid (9.8 g, 55% in 4 steps). 144.3, 130.3, 129.7, 126.2, 121.5, 120.0, 110.6, 61.8, 33.5, 32 , 4.70; N, 4.67; found: C, 47.83; H,4.67; N:4.73 .
N
(E)-4-(2-Hydroxy-3-methylphenyl)-N-methoxy-N-methylbut-2-enamide (8)
A solution of 2-allyl-6-methylphenol (10, 2.01 g, 13.6 mmol) in MeOH (50 mL) was cooled to -78 °C. O 3 gas was bubbled through the solution at -78 °C until the starting material had disappeared. The reaction was quenched with Me 2 S (1.1 mL, 14.8 mmol), slowly warmed to room temperature before the addition of water (20 mL). The resulting mixture was stirred for 1 h and concentrated under reduced pressure. The residue was diluted with EtOAc and washed with water. The organic layer was dried over Na 2 SO 4 and concentrated in vacuo to give the crude aldehyde, which was similarly, as described above, treated with 13 (4.94 g, 13.6 mmol) in THF (50 mL). The reaction mixture was stirred for 1.5 hours. After concentration, the residue was directly purified by column chromatography on silica gel (n-hexane/EtOAc = 3/1) to afford 8 as pale yellow solid (1.53 g, 48% in 2 steps). 166.9, 152.3, 145.9, 129.4, 128.1, 124.4, 123.9, 120.3, 119.3, 61.7, 33.7, 32.4, 16.1 ppm; IR (Zn/Se-ATR) 3394, 3008, 2977, 2932, 2885, 1653, 1614, 1469, 1196 cm -1 ; HRMS (ESI + ) Cacld. 
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General procedure for asymmetric intramolecular oxa-Michael reaction (5, 6)
To a solution of 7 or 8 (1.0 mmol) in CH 2 Cl 2 (10 mL) was added catalyst A-E (1-10 mol %), and the resulting mixture was stirred for the indicated time in 190.0, 160.2, 157.5, 129.1, 125.4, 122.2, 120.2, 119.6, 83.3, 78.1, 77.2, 46.3, 35.9, 28.1, 15 tert-Butyl (1R, 2R, 3aS, 8bS)-2-hydroxy-5-methyl-2,3,3a,8b-tetrahydro-1H-cyclopenta--
benzofuran-1-carboxylate (15)
To a crude of 14 (758.0 mg, 2.40 mmol) in CH 2 Cl 2 (20 mL) was added Rh 2 (OAc) 4 (10.6 mg, 1.0 mol %), and the resulting mixture was stirred at ambient temperature for 15 min, when TLC indicated the reaction S8 was complete. MeOH (10 mL) was then added, and NaBH 4 (271.9 mg, 7.19 mmol) was added portionwise -40 °C. The mixture was stirred at -40 °C for 2 h and at the ambient temperature for additional 2 h, before being quenched with saturated aqueous NH 4 Cl solution (20 mL). The organic materials were extracted with EtOAc three times, and the combined organic layer was washed with brine (50 mL), dried over anhydrous Na 2 SO 4 , and evaporated to give the crude residue, which was purified by column chromatography on silica gel eluting with n-hexane/ethyl acetate (7/1) to afford 15 ( 172.7, 157.3, 129.9, 129.0, 122.2, 120.7, 120.0, 84.8, 81.8, 74.6, 60. 
Acetal 16
To a solution of 15 (513.5 mg, 1.77 mmol) in Et 2 O (17 mL) was added LiBH 4 (115.6 mg, 5.31 mol), and the resulting mixture was stirred at ambient temperature for 9 h. The reaction was quenched with 1 N aqueous HCl solution (10 mL), and the organic materials were extracted with EtOAc three times. The combined extracts were washed with brine (20 mL), dried over anhydrous Na 2 SO 4 , and evaporated to afford the crude diol (367.9 mg), which was then dissolved in THF (16 mL). To this solution were added 1,1-diethoxyethane (2.5 mL, 17.6 mmol) and p-TsOHH 2 O (31.8 mg, 10 mol%), and the reaction mixture was stirred at 60 °C for 3 h before being quenched with saturated aqueous NaHCO 3 solution (15 mL). The mixture was extracted with EtOAc three times, and the combined extracts were washed with brine (30 mL), dried over anhydrous Na 2 SO 4 , and evaporated to give the crude acetal, which was purified by column chromatography on silica gel eluting with n-hexane/ethyl acetate ( 157.5, 129.8, 128.0, 121.3, 120.3, 120.1, 99.5, 83.4, 79.6, 70.8, 48.1, 45.3, 37.9, 20.6, 15. 
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Bromide 17
To the solution of 16 (40.0 mg, 0.162 mmol) and NBS (34.7 mg, 0.195 mmol) in CCl 4 (2.5 mL) was added azobisisobutyronitrile (AIBN, 3.2 mg, 0.0195 mmol) at room temperature, and the mixture was heated under reflux for 3 h. The crude mixture was filtered through a pad of Celite, and the filtrate was concentrated to give the crude, which was then purified by column chromatography on silica gel eluting with n-hexane/ethyl acetate (10/1) to afford 17 (7.4 mg, 14%) as yellow oil 
tert-Butyl (R)-4-(7-bromo-2,3-dihydrobenzofuran-2-yl)-3-oxobutanoate (19)
To a solution of LiHMDS (1.2 mL, 1.2 mmol, 1.0 M solution in THF) in dry THF (1.2 mL) was added t-BuOAc (139.4 mg, 1.2 mmol) at -40 ºC dropwise over 10 min under argon atmosphere, and the reaction mixture was stirred at the same temperature for 30 min. To the reaction mixture was added AlBr 3 (324.9 mg, 1.22 mmol) in THF (3.6 mL) dropwise over 10 min, and stirred at the same temperature for 20 min, before the subsequent dropwise addition of amide 5 (120.1 mg, 0.40 mmol) in THF (1.0 mL) over 15 min. The reaction mixture was stirred at the same temperatures until TLC indicated the reaction was complete (2 h), and then quenched with saturated aqueous NH 4 Cl solution. The product was extracted with EtOAc three times, and the combined organic layers were washed with brine, dried over Na 2 SO 4 , and concentrated under reduced pressure. The residue was purified by column chromatography on silica gel (n-hexane/EtOAc = 166.0, 156.3, 131.2, 127.7, 123.9, 122.0, 102.6, 82.3, 78.9, 51.0, 48.5, 36.4, 27.9 tert-Butyl (1R,2R,3aS,8bS)-5-bromo-2-hydroxy-2,3,3a,8b-tetrahydro-1H-cyclopenta--benzofuran-
1-carboxylate (21)
To a solution of 20 (376.0 mg, 0.986 mmol) in CH 2 Cl 2 (10 mL) was added Rh 2 (OAc) 4 (4.4 mg, 1.0 mol%), and the resulting mixture was stirred at ambient temperature for 15 min, when TLC indicated the reaction was complete. MeOH (5.0 mL) was added, and NaBH 4 (111.9 mg, 2.96 mmol) was added portionwise at -S11 mL). The organic materials were extracted with EtOAc three times, and the combined organic layer was washed with brine (20 mL), dried over anhydrous Na 2 SO 4 , and concentrated under reduce pressure to afford the crude residue, which was purified by column chromatography on silica gel eluting with 
Acetal (22)
To a solution of 21 (467.7 mg, 1.32 mmol) in Et 2 O (10 mL) was added LiBH 4 (86.03 mg, 3.95 mol), and the resulting mixture was stirred at ambient temperature for 15 h. The reaction was quenched with 1 N aqueous HCl solution (20 mL), and the organic materials were extracted with EtOAc three times. The combined extracts were washed with brine (20 mL), dried over anhydrous Na 2 SO 4 , and concentrated under reduced pressure to afford the crude diol, which was then dissolved in THF (10 mL). To this solution, were added 1,1-diethoxyethane (1.5 mL, 10.5 mmol) and p-TsOHH 2 O (25.2 mg, 10 mol %), and the reaction mixture was stirred at 60 °C for 3 h, before being quenched with saturated aqueous NaHCO 3 solution (10 mL). The product was extracted with EtOAc three times, and the combined extracts were washed with brine (10 mL), dried over anhydrous Na 2 SO 4 , and evaporated to give the resulting crude residue, which was purified by column chromatography on silica gel eluting with n-hexane/ethyl acetate (8/1) to afford 22 
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Ester 23
To a solution of the acetal 22 (76.7 mg, 0.246 mmol) in THF (2.5 mL) was added TMEDA (0.04 mL 0.32 mmol) at -78 °C, and the reaction mixture was stirred for 10 minutes. To this solution was added a n-hexane solution of n-BuLi ( 3, 155.7, 129.0, 126.2, 125.9, 123.1, 120.9, 99.6, 84.3, 79.5, 70.7, 70.2, 51.6, 48.2, 44.8, 37.9, 32.1, 30.4, 20.6 
Methyl 4-((1S,2R,3aS,8bS)-2-Hydroxy-1-(hydroxymethyl)-2,3,3a,8b-tetrahydro-1H-cyclopenta--benzofuran-5-yl)butanoate (2) [4]
To the solution of 23 (103.5 mg 0.297 mmol) in wet MeOH (5.0 mL) was added pyridinium p-toluenesulfonate (PPTS, 630.0 mg 2.51 mmol) at 0 °C, and the reaction mixture was stirred at room temperature for 3 h. The organic materials were extracted with EtOAc three times, and the combined extracts were washed with brine (5 mL), dried over anhydrous Na 2 SO 4 , and evaporated to give the crude diol, which was then dissolved in CH 2 Cl 2 (4.0 mL). To this solution were added Et 3 SiH (0.5 mL, 3.13 S13 mmol) and TFA (0.1 mL 1.35 mmol) at 0 °C dropwise, and the reaction mixture was stirred at 0 C for 1.5 h, before being quenched with saturated aqueous NaHCO 3 solution (3.0 mL). The organic materials were extracted with EtOAc three times, and the combined extracts were washed with brine, dried over anhydrous 130.2, 128.9, 123.4, 122.0, 120.7, 85.4, 75.9, 64.9, 56.8, 51.5, 47.5, 41.9, 33.4, 29.2, 24.8 
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Cartesian coordinates and total energies for all the calculated structures 
